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 La sola investigazione mediante le tecniche di inversione delle onde 
sismiche non permette una completa comprensione di tutti i complessi fenomeni 
chimico-fisici che avvengono durante la nucleazione, la propagazione e l'arresto 
della rottura associata a un terremoto. Questo limite d'indagine è dovuto 
principalmente agli effetti di scatter e attenuazione durante la propagazione delle 
onde sismiche, che comportano una perdita delle informazioni trasportate 
dall’onda stessa. E' quindi necessario ricorrere ad approcci alternativi, che 
comprendano (1) rilievi di terreno per studiare ampi volumi di antiche strutture 
sismogenetiche oggi esposte in superficie, (2) progetti di perforazione profonda 
aventi come scopo l’indagine di strutture sismogenetiche attive, unitamente a (3) 
studi microstrutturali (osservazioni di rocce di faglia naturali) e (4) di laboratorio 
(tra cui esperimenti mirati a riprodurre condizioni di deformazione sismica). 
 Questa tesi si propone di comprovare l’ipotesi che le faglie normali 
attualmente affioranti nella Corsica Alpina siano l’analogo esumato delle radici 
più profonde delle faglie normali Appenniniche, identificate come sorgenti 
sismiche recenti.  Il contesto geodinamico estensionale, dovuto al roll-back della 
placca Adriatica e alla sua progressiva migrazione verso Est, la cui evoluzione 
ha determinato l’apertura del Mar Tirreno e la formazione della catena 
appenninica stessa, avvalora l’ipotesi di una possibile correlazione tra le 
strutture. La zona di faglia oggetto di studio taglia serpentiniti, quarziti, marmi e 
calcescisti, litologie appartenenti al complesso degli Schistes Lustrés (Cretaceo 
Superiore-Oligocene Inferiore). Studi micro-strutturali (microsopio a scansione 
elettronica a emissione di campo equipaggiato con uno spettrometro a 
dispersione di energia (EDS), catodoluminescenza al microscopio ottico) e 
mineralogici (spettroscopia Micro-Raman e Diffrazione delle Polveri ai Raggi 
X) sono stati condotti su rocce provenienti dalla faglia normale selezionata. I 
risultati ottenuti evidenziano una sequenza di eventi di deformazione sismica e 
inter-sismica durante l’esumazione: pseudotachiliti (cicatrici di antiche rotture 
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sismiche) prodotte a profondità di 8-15 km sono tagliate e deformate da vene 
ricche in carbonati e in parte tagliate da superfici di faglia a specchio costituite 
da nano particelle di quarzo (approssimabile a silice pseudoamorfa) e ricche di 
materiale carbonioso (un possibile prodotto dei processi di grafitizzazione di 
marmi e calcescisti in condizioni anossiche). Le relazioni strutturali 
suggeriscono una sismicità continua per la faglia studiata, sostenuta 
dall’ingresso di fluidi pressurizzati ricchi in CO2 durante l’esumazione. Simili 
relazioni (sismicità e ingresso di fluidi ricchi in CO2 di origine mantellica, 
ipocentri degli eventi principali localizzati nel basamento cristallino) sono state 
riscontrate nel sistema di faglie normali che caratterizzano l'attività sismica negli 
Appennini. Queste somiglianze consentono di considerare la faglia studiata in 
questa tesi come un analogo esumato delle strutture ipocentrali delle attuali 





 At present, the investigation of the complex physical and chemical 
processes occurring during earthquake nucleation, propagation and arrest cannot 
be accomplished only by means of seismological investigations, mainly because 
of source, path and attenuation effects that result in loss of information 
transported by seismic waves. Here the need for a complementary approach 
which involves field geology (e.g., investigation of ancient now exhumed 
seismogenic structures), deep drilling projects (e.g., investigation of active 
seismogenic structures), microstructural (e.g., investigation of natural fault 
rocks) and laboratory (e.g., experiments reproducing seismic deformation 
conditions) studies. 
 In this study, we propose that, because of the eastward migration of the 
lithospheric extension starting from the Oligocene, the normal faults now 
outcropping in Alpine Corsica are the exhumed analogs of the seismogenic 
structures now active at depth in the Italian Apennines. The investigated fault 
zone cut serpentinites, quarzites, marbles and calc-schists of the Schistes Lustrés 
Complex (Late Cretaceous- Early Oligocene). Microstructural (EDS equipped 
field emission scanning electron, optical microscope cathodoluminescence) and 
mineralogical (micro-Raman spectroscopy and X-Ray powder diffraction) 
studies conducted on rocks sampled from the normal faults, evidenced a 
sequence of seismic and inter-seismic deformation processes during exhumation: 
pseudotachylyte (scars of ancient seismic ruptures) produced at 8-15 km depth 
are overprinted by carbonate-rich veins and eventually cut by semi-amorphous 
silica- (including nano-particles of quartz) and carbonaceous-rich (possible 
remnants of graphitization processes of calcitic marbles and calce-schists under 
anoxic conditions) mirror-like fault surfaces. The above overprinting 
microstructural relationships suggests continuous seismicity aided by the 
ingression of pressurized CO2-rich fluids during exhumation. These relationships 
are consistent with those proposed between crustal-mantle degassing and CO2 
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 Seismological and geophysical analysis of seismic-related phenomena 
are nowadays exploited to retrieve information regarding earthquake source 
parameters (e.g., mainshock hypocenter location, earthquake magnitude, rupture 
directivity) (Abercrombie et al., 2006).  However, it is not possible to investigate 
all the complex phenomena associated to the seismic cycle and earthquake 
processes from the information retrieved from the inversion of seismic waves,  
as most of the information about the seismic source is lost during the wave's path 
from the source towards the Earth's surface (Beeler, 2006). Moreover, the 
understanding of earthquake mechanics (and of physically-based earthquake 
probabilistic forecasting models) requires the knowledge of several physical 
constraints, including fault geometry and friction laws (e.g. Tullis, 1988; 
Dieterich, 1994; Di Toro et al., 2012 and reference therein).  
 A direct study is hereby necessary to improve the models of earthquakes' 
source models, but due to the large nucleation depth ( 7-25 km for crustal 
earthquakes) it is not possible to investigate directly the rock volumes where 
earthquakes are triggered.  A complementary approach to the study of 
earthquakes mechanics comes from experimental and theoretical investigations 
of fault zone and fault-related rocks (Di Toro et al., 2012). However, the 
experimental approach alone is not sufficient to fully understand earthquake-
related processes, as experimental observations need to be supported by field (= 
natural) evidences (Niemeijer et al., 2012). Therefore, field studies are an 
irreplaceable tool to improve the overall comprehension of earthquakes 
processes. The investigation of exhumed faults (whose ancient seismic activity is 
supported by evidences of different kind, e..g., occurrence of pseudotachylytes, 
Cowan et al., 1999) by means of structural geological surveys of the fault zone 
network plus the microstructural, mineralogical and geochemical investigations 
of fault rocks allow us to collect data that can be used to constrain theoretical 
10 
 
and experimental models and to interpret seismological observations (Di Toro et 
al.,2012). 
This thesis is based on the aforementioned multidisciplinary approach, as 
it focuses on field surveys and microstructural and mineralogical investigations 
of an exhumed seismogenic (in the late Oligocene-early Miocene) fault zone 
belonging to an extensional structure from Alpine Corsica (France). As 
discussed in the thesis, the studied fault zone can be consider an exhumed 
analogue of the seismogenic structures now active at depth in the Italian 
Apennines (e.g., L'Aquila 2009 Mw 6.3 earthquake, Chiarabba et al., 2009). The 
above interpretation is supported by the geodynamic context: the studied normal 
fault in Alpine Corsica record the first stages of the extensional regime that 
starting from the Oligocene progressively migrated from the West (Alpine 
Corsica) towards the East and it is now responsible of the seismic activity in the 
Apennines (Jolivet et al., 1998).  
The thesis is divided in seven main sections. Following this brief 
introduction (Section 1), Section 2 is dedicated to the summary of the tectonic 
evolution of Alpine Corsica and to the description of the geological setting of the 
studied area. In Section 3 are described the analytical methods exploited in the 
thesis.  Section 4 is dedicated to the field description (mostly original data) of 
the study area and of the selected "main" fault. In Section 5 are described the 
microstructures (original data obtained by means of Optical Microscope, 
Cathodoluminescence Optical Microscope and Field Emission Scanning 
Electron Microscope investigations) and the mineralogy (by means of X-Ray 
Diffraction and Micro-Raman spectroscopy analysis) of the fault zone rocks. In 
Section 6 are discussed (1) the seismic origin of some of the sampled fault rocks 
microstructures (pseudotachylytes, mirror-like surfaces, etc.), (2) the evolution 
of the fault zone rocks during exhumation and (3) the interpretation of the 
studied fault as an exhumed analogue of the structure, at hypocentral depths, of 





Figure 2.1 Geological map of Alpine Corsica, highlighting the main structural lineaments 
(modified from Waters, 1990). See Fig. 2.4 for a description of the main Units. 




 Corsica, a 8680 km2 island located in the western Mediterranean sea, is a 
remnant of oceanic and continental lithosphere bounded by two Cenozoic basins, 
the Liguro-Provencal and Tyrrhenian. The geology of Corsica is divided into 
two main structural domains: (1) the Hercynian Corsica, which includes the 
crystalline basement and covers 2/3 of the island, and,  to the north-east,  (2) the 
Alpine Corsica, which includes a stack of nappes piled up during the Late 
Cretaceous-Eocene (Durand-Delga, 1984). The  two structural domains are 
separated by a NNW-trending belt of sub-vertical strike-slip brittle faults and 




 The Alpine Corsica domain is an orogenic accretionary wedge 
constituted by units with different paleogeographic origin (Principi and Treves, 
1984). Various attempts were made to distinguish the several structural units, but 
given the complex tectonic and metamorphic history of the accretionary wedge, 
and the discrepancies in the lithological composition of the units  in different 
outcrops, an univocal interpretation of the units does not exist. The classification 
that receives the largest consensus defines the units based on their tectonic and 
metamorphic  similarities. Following Daniel (1996), Fournier (1991), Vitale 
Brovarone et al. (2013), the nappe stack composing the Alpine Corsica has been  
divided into three main tectonic units [Figs. 2.2-2.3-2.4]:  
 
a) External units (or parautoctone) 
 Those units represent fragments of the European continental paleo-
margin involved in the Alpine orogeny.  The External Units are 
distinguished into a continental basement and its sedimentary cover (Late 
Cretaceous –Eocene), located along the boundary with the Hercynian 
domain (Continental derived unit in Fig. 2.4). The sedimentary units 
underwent metamorphism up to the blue-schist facies. The Tenda Massif  
granitoid rocks and, to the south, the Corte Unit, belong to the external units. 
 
b) The Schistes Lustrés Nappe 
 The name Schistes Lustrés (latu sensu) designate the ensemble of 
ophiolitic and oceanic meta-sedimentary rocks (Durand-Delga 1986; 
Lahondère 1988), with the inclusion of continental slices, that underwent a 
Upper Cretaceous to Eocene High-Pressure/Low-Temperature 
metamorphism followed, during the Oligocene, by a retrogression under  
greenschist facies conditions (Jolivet 1990; Daniel 1995; Waters 1990). 
 As several lito-stratigraphic units are exposed in the Alpine Corsica 
(Lahondere 1988; Caron 1979; Duran Delga 1986; Dallan and Puccinelli 
1995) their correlation is subjected to various interpretations. For 
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cartographic purposes, four main lito-stratigraphic units (Inzecca, 
Bagliacone-Riventosa, San Pietro di Tenda, Castagniccia) were distinguished 
on the basis of their structural position and presence of ophiolites (Caron 
1977; Rossi 1994).  Instead, in the area  comprised between Bastia and Saint-
Florent, Dallan and Puccinelli (1995) distinguished the units into an ‘Upper’ 
and a  ‘Lower’ tectonic slice: the distinction of the two slices (or units) is 
based on their structural position referred to the continental Unit of Oletta-
Serra di Pigno.  The Lower and Upper tectonic slices have similar lithologic 
features, and were divided into an ophiolitic unit (serpertinites, meta-gabbros 
and prasinites).and a meta-sedimentary unit, made up of calc-schist, quartzite 
and marbles, that locally preserve their original sedimentary sequence. In 
both interpretations (i.e., Caron, 1977 vs. Dallan and Puccinelli, 1995),  the 
Scistes Lustrés nappe is in contact with either the external units or the 
Hercynian basement and  its covers [Fig. 2.2]. 
 
Figure 2.2 Schematic cross section at the base of the Cape Corse area after Waters 1990. 
 
c) Upper units  
 They include the Nebbio and Macinaggio Klippes and the Balagne 
Nappe. They are characterized by low grade metamorphism or absence of it. 
The Upper units include Late Jurassic ophiolitic materials and oceanic 
sediments as well as Late Cretaceous Flysch (Durand-Delga1986, Dallan et 
Puccinelli 1995). The upper unit rest upon the hercynian Basement (Balagne 
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nappe) and the Schistes Lustrés (Macinaggio and Nebbio units) (Fig. 2.2). 
Dallan and Puccinelli (1986) divide the Nebbio Unit into three structural 
parts; the lowest is the Aiastrella Unit (phyllites, quartzites, dolostones and 
dolomitic limestones), the intermediate is the Nebbio Unit (where meta-
basalts ,meta-arkoses and polygenic meta-conglomerates are interposed with 
calcitic marbles and meta-shales),  the upper is the Ligure Unit (altered 
diabase, radiolarites, white in color limestones, black shales and siltstones). 
 
 The Alpine Units are un-conformably overlaid  by a non-metamorphic 
Miocene 100 to 400 m thick sedimentary sequence (Fig. 2.3): a continental to 
marine succession, with at the base the Burdigalian continental units (fluvial 
deposits: conglomerates  and pebbly sandstones) trangressively on-lapped by a 
shallow marine carbonate platform (Burdigalian-early Langhian), topped off by 




Figure 2.3 Cross section from Saint Florent to Bastia (see Fig.2.1) . The red line highlights the 
unconformity at the base of the Miocene sequence (modified from Jolivet 1990) 




Figure 2.4. Geological map of Alpine Corsica. The subdivision of the Schistes Lustrés is based 




2.2  Tectonic evolution of Alpine Corsica 
  
 Alpine Corsica underwent a polyphasic tectonic evolution, which is 
recorded by the metamorphic history of the units. Here below we follow the 
interpretation proposed by Molli and Malavieille (2011).  
 
 2.2.1 Cretaceous to Eocene evolution  
 In the mid-Cretaceous, the closure of the Ligure-Piemontese basin due to 
the European plate subduction under the Adria plate determined a left 
transpressive tectonics (Jolivet 1991) (stage A in Fig. 2.5). The progressive 
subduction of the Adria plate resulted in the first stages of formation of the 
accretionary wedge, located over the Ligure-Piemontese oceanic lithosphere, 
with the pile up of the ophiolitic units and of the continental basement slices at 
the base of the Schistes Lustrés and in their  HP/LT metamorphism (Molli et al, 
2011).  The Paleocene-Early Eocene evolution marks the complete closure of the 
Liguro-Piemontese basin and the emplacement of the Alpine accretionary wedge  
above the  Hercynian Corsica. West-vergent thrusts allowed the  piling up of the 
units, including the Schistes Lustrés Nappe, that were characterized by a 
regional  metamorphism in the greenschist facies, at least in their shallower part 
(stage B in Fig.2.5). The necking of the subducting European slab that will lead 
to the slab break off  in  the  Eocene is attributed to this stage (Molli et al, 2011; 
Jolivet, 1991).  The Early-Mid Eocene is the period when the continental 
subduction was active: the external continental units and the internal part of the 
accretionary wedge underwent a low-grade blueschist facies metamorphism and 
formed the antiformal stack structure (stage C in Fig. 2.5). The Mid-Eocene-Late 
Eocene evolution was characterized by the subduction of the thick part of the 
Corsican continental margin (stage D in Fig. 2.5).  The increase in the buoyancy 
forces of the down-going plate produced  the break-off and detachment of the 
subducting lithosphere (Malavieille et al.1998). 
 Figure 2.5 Paleotectonic maps and  cross
Corsican orogeny from the Late Cretaceous to the late Eocene (modified from Molli et al. 201
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 The slab break off triggered an intense surface uplift, that resulted in the 
erosion of the Early–Middle Eocene flysch originally covering a large part of the 
autochthonous Hercynian basement. During the late Eocene-Oligocene, the 
subduction direction eventually flipped from eastwards to westward, resulting in 
the stretching of the European lithosphere and in the development of the Liguro-
Provencal basin rift zone, which allowed the drift of the Corsica block from the 
European continental margin and its counterclockwise rotation during the 
Oligocene (stage E in Fig. 2.6). The flipping of the subduction direction led to 
the reactivation  of the former, mostly Cretaceous in age, east dipping thrusts as 
ductile normal faults (Jolivet 1990). The extensional regime allowed the 
exhumation of the lower units which underwent greenschist retrograde 
metamorphism (Maluski,1978.). 
  
Figure 2.6. (continuation from Fig. 2.5). Paleotectonic maps and  cross-sections illustrating the 
evolution model for the Corsican orogeny from the Late Cretaceous to the late Eocene (modified 




2.2.2 The Oligocene-Miocene extension 
 
 The reactivation of thrusts as normal faults and the formation of the new 
normal faults lasted until the early Miocene, since only the basal units of the 
Miocene sedimentary sequence include structures  recording sin-sedimentary 
fault activity (Fellin et al., 2005.). The formation of Saint Florent and Francardo 
basins [Fig. 2.3] are also due to the extensional tectonics:  the regional tilting 
they record is compatible with an eastward sense of shear and with the 
extensional activity of the normal faults bounding the western  side of the basins.  
Jolivet et al (1991) interpret the eastward sense of shear, the regional-scale 
tilting to the west, and the progressive transition from ductile to brittle 
deformation  in the exposed rocks as evidence of a main extensional tectonic 
event [Fig.2.7]. The interpretation is based on the presence of a thickened crust 
characterized by planar heterogeneities and thrust surfaces. At the beginning of 
the extension, thrust surfaces were reactivated as low angle normal faults, thus 
localizing the strain; the Schistes Lustrés nappe is bounded by two main normal 
shear zones.  
Figure 2.7 Schematic crustal cross section of the Cap Corse area, illustrating Jolivet's  model of 
block tilting and evolution of the ductile-brittle transition during  the post-orogenic collapse 




 The geometry of the normal faults varies with crustal depth: an upper 
brittle fault zone is connected at depth with a ductile detachment exploiting a 
sub-planar thrust surface.  In the upper crust there is a westward block tilting 
controlled by east-dipping  normal faults [Fig.2.7].  With progressive extension, 
the crust thickness decreases, and the ductile detachment is cut by normal faults. 
The block tilting results in the formation of the half graben structure of Saint 
Florent and Francardo basins. 
 
2.3 The extensional normal fault system in Northern 
Corsica 
 
 Faults in Corsica are distinguished in the NNW-trending Cretaceous to 
Eocene thrusts associated to the Eoalpine compressional stage and the 
Oligocene-Miocene East-vergent normal faults associated to the early-
Apennine extensional stage (see section 2.2 and references therein). The 
Eoalpine thrusts outcrop in the western boundary of the Alpine Corsica, and at 
the contact between Schistes Lustrés and the external units. In particular, the 
Central Corsican fault zone, a NNW belt of subvertical faults, forms the  
tectonic boundary between the Hercynic basement and the Schistes Lustrés. 
The NNW-trend characterizes also the Eastern boundary of Tenda Massif, 
where both sinistral strike-slip brittle faults and ductile shear zone (East Tenda 
Shear zone) are exposed (Waters, 1990; Jolivet et al., 1990, Dallan and 
Puccinelli ,1995; Daniels et al.,1996) [Fig. 2.1].  A main set of sub-parallel 
normal faults with average dip direction of 260° and dip of 70° associated to 
first stages of the Apennine-extension outcrop in the region west of Bastia 
(Waters, 1990; Dallan and Puccinelli, 1995)[Fig.2.8]. The studied fault 






Figure 2.8 . Geological map of the area west of Bastia, showing the location of the main 
structural lineaments. Legend: 1.Oletta-serra di Pigno basement nappe; 2. San Pietro group 
metasediments; 3. Ophiolitic serpentinites and gabbros; 4.Schistes Lustrés metasediments; 




















































 Other than the standard optical microscope, several microanalytical 
techniques were applied to characterize the mineralogical, geochemical and 
microstructural features of the studied fault rocks. The used techniques include: 
 
• X-Ray Powder Diffraction: determination of the main mineral phases; 
• Micro-Raman spectroscopy: determination of the main and minor phases 
and volatiles species; 
• Energy-Dispersive X-Ray Spectroscopy and Scanning Electron 
Microscopy: microstructural analysis and determination of main 
chemical elements; 
• Optical microscope cathodo-luminescence: microstructural analysis of 
carbonate-built veins. 
 
3.1 X-Ray Powder Diffraction (XRPD) 
 
 In the thesis, X-Ray Powder Diffraction (XRPD) was used for a 
preliminary qualitative analysis to recognize the main mineral phases in the 
samples. X-ray diffraction is based on the interpretation of the constructive 
interference of monochromatic X-rays, generated by a cathode ray tube, and the 
crystalline sample. Interaction between the incident rays and the sample 
produces constructive interferences when the Bragg’s Law condition (nλ = 2d 
sin θ with n a integer number, λ the X-ray wave length, d the lattice spacing and 
θ the diffraction angle) is satisfied. The diffracted rays are detected, processed 
and counted, while the sample undergo a X-ray scan through a  θ  range 
comprised between ~5°and 70°. The θ range is chosen to attain all the possible 
lattice’s diffraction directions, exploiting the random orientation of the powdered 
material. Since the X-ray wave length λ is known, the application of the Bragg’s 
Law to the measured 2θ angles allows to identify the d-spacing and, since each 




 XRPD analysis was conducted by Dr. Federico Zorzi at the Department 
of  Geosciences at Padua University. Specimens of few grams each were first 
collected from the rock samples with mincing tools and then hand-crushed with 
the agate-made mortar to produce fine powders (< 10 µm in size) for XRPD 
analysis. The different fault slipping zones and fault products (see section 4.2.) 
were sampled separately. Twelve XRPD analysis were conducted with a 
Panalytical θ-θ diffractometer (Cu radiation) equipped with a long, fine-focus Cu 
X-ray tube (operating at 40kV and 40mA), sample spinner, Ni filter and a solid-
state detector (X’Celerator). The system optics consist of a fixed ½° divergent 
slit and 1° antiscatter slit on the incident beam path and soller slits (0.04 rad) on 
incident and diffracted beam paths. The powders were mounted on a 32-mm 
(internal diameter) circular sample holder. Scans were performed over the 2θ 
range 3-80° with a virtual step size of 0.017° in 2θ and a counting time of 100 
s/step. Phase identification and semi-quantitative analysis were performed using 
the software package X'Pert HighScore Plus; the phase identification was 
confirmed by comparison with the reference pattern database Panalytical-ICSD 
(Inorganic Crystal Structure Database). 
 
3.2 Micro-Raman spectroscopy 
 
 Micro-Raman spectroscopic analysis was applied for the qualitative 
identification of the mineral phases, including the less abundant, and to check 
for the presence of amorphous materials and volatiles (H2O, OH, CO2, etc.) in 
the samples. A major advantage of micro-Raman spectroscopy is that it does not 
require any specific treatment of the samples and allows to examine both thin 
sections and bulk samples. 
 Raman spectroscopy exploits the interaction between the incident 
monochromatic light (laser) beam and the surface of the sample (matter): the 
interaction of the laser beam with the matter results in reflected, transmitted or 
scattered light beams. Most of the scattered beam light maintains the same 
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energy of the incident light (i.e., elastic scatter: Mie and Rayleigh scattering), 
while a portion of the incident beam light after interacting with the matter it is 
scattered with a different energy with respect to the incident beam (i.e., inelastic 
behavior or Raman scattering). The scattered light is recorded, the elastic 
scattered signal is easily removed since it has the same energy of the incident 
beam, while the remaining inelastic scatter signal is shown in the Raman 
spectrum, where each band, called stock line, corresponds to a characteristic 
molecular vibration. The Raman spectrum is plotted with the y axis showing 
intensity values and the x axis the Raman shift in cm-1.  
 Micro-Raman spectroscopy was conducted at the Department of 
Chemistry at Padua University using the Thermofisher un-polarized apparatus. A 
green laser monochromatic light (wavelength 580 nm) was used to irradiate the 
sample. The laser power, directly proportional to the signal strength, varied from 
2 to 5 milliwatts; the aperture controlling the amount of Raman signal reaching 
the spectrograph was set to a 25 µm pinhole. The estimated spot size for the 
instrument was 1.1 µm in diameter and the estimated spectrum resolution was 
4.4 cm-1.  
 
3.3 Energy-Dispersive X-Ray Spectroscopy and 
Scanning Electron Microscopy (EDS-SEM) 
 
 Given the small grain size (< 5 µm) of most of the studied fault rocks and 
the presence of amorphous materials, Energy Dispersive X-Ray Spectroscopy-
equipped Scanning Electron Microscope (EDS-equipped SEM) investigations 
were used for both microstructural analysis and the identification of the main 
chemical elements. The SEM exploits the interaction of a high-energy electron 
beam with the sample: the latter emits secondary electron (SE) and back 
scattered electrons (BSE) which are used for imagining the samples. Secondary 
electrons mainly image the morphology and topography of the sample; 
backscattered electrons mainly image compositional contrasts. Interaction of the 
electron beam with the sample produces also X-ray with a specific wavelength 
characteristic of each element excited by the beam. The X-ray beams are 
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detected by an energy-dispersive detector, which allows to produce an energy 
spectrum: The latter is used to determine the chemical composition of the 
sample.  
 The EDS-SEM analysis were conducted with the CamScan MX3000 
installed at the Departments of Geosciences at the University of Padova and with 
the  Jeol JSM-6500F installed at the High Pressure-High Temperature (HP-HT) 
laboratories at the Istituto Nazionale di Geofisica e Vulcanologia in Rome. The 
CamScan MX3000 is equipped with a Lanthanum hexaboride (LaB6) filament as 
a electron source, while Jeol JSM-6500F  has a field emission electron source. 
The Field Emission electron source results in a higher resolution (down to ~4 nm 
in back scattered configuration and ~1 nm in secondary electron configuration) 
compared to the LaB6 filament (~100 nm and ~10 nm, respectively).  The 
analyzed samples were thin sections coated with graphite or chromium. 
 
3.4 Optical Cathodoluminescence (O-CL) 
 
 Optical cathodoluminescence (O-CL) was used to analyze the samples 
containing carbonate-built veins. Analysis were performed at the Department of 
Geosciences at Padua University. Optical cathodoluminescence permits the 
examination of thin sections in transmitted light thanks to the installation of a 
vacuum CL-stage to an optical microscope. In the CL-stage, a cathode gun emits 
a beam of high-energy electrons that interact with the sample. The interaction of 
the electron beam with the matter results in a mineral luminescence (orange to 
brownish in color in the case of calcite) which is extremely sensitive to the 
presence of trace elements (Fe, Mn, etc., in the case of calcite) resulting in 
spectacular color changes under the optical microscope. The color changes 
evidence textural and compositional variations that cannot be detected using 
optical light microscopy. The CL-stage allows X-Y movement of the sample to 
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4.1 Study Area 
 
 The surveyed area described here is located to the east of the Miocene in 
age Saint Florent Basin, a sin-sedimentary half graben resulting from the 
extensional Oligocene to Miocene activity of a deep-seated listric detachment 
fault to the West, identified in the East Tenda shear zone, and a main antithetic  
normal fault defining the eastern limit of the basin (see section 2, Jolivet 
1991).   
 The main tectonic structure of the surveyed area is the Santa Maria fault 
zone, a normal fault striking ~N-S and dipping of ~ 60° to the West. The fault 
zone puts in contact the Schistes Lustrés unit to the east with the Nebbio unit 
to the west [Fig.4.1 ]. The vertical throw of the Santa Maria fault zone is 
estimated in about 8-10 km, considering that both units were exhumed during 
the fault activity and that the fault zone puts in contact the low greenschist to 
anchimetamorphic facies rocks of the Nebbio unit at the hanging-wall with the 
blueschist facies rocks of the Schistes Lustrés nappe at the footwall. In the 
surveyed area, the fault zone brings together [Fig. 4.1]: 
 
• south of the Santa Maria village, the phyllonites, meta-arkoses and 
marbles of the Nebbio Unit with the mylonitic greenschist to 
blueschists  facies meta-granitoids, meta-basalts and meta-aplites 
(dyke-derived) of the Schistes Lustrés; 
• in the area of  Santa Maria village, the phyllonites of the Nebbio Unit 
with the mylonitic metagranitoids of the Schistes Lustrés , topped 
from the meta-sedimentary covers (calc-schists, quarzites and 
marbles) and serpentinites of the Schistes Lustrés [Fig.4.2];  
• north of Santa Maria village, the metabasalts and phyllonites of the 
Nebbio unit, with the serpentinites of the Schistes Lustrés and with the 
Miocene (Burdigalian to Langhian)  terrigenous silicoclastic deposits 
and carbonatic rudstones; 
 To the East, a set of west
Maria fault zone cuts the hanging wall rocks of the Schist
The faults have average dip azimuth and dip of N250° and 60°, respectively. The 
studied fault described in the following section belongs to this fault system. 
 
Figure 4.2 Area investigated 
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4.2 The selected fault
 
 The selected fault is located ~300 meters to the East of the main trace of 
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the Santa Maria fault zone and belongs to the Oligocene to Miocene fault 
system synthetic to the Santa Maria fault zone. The main fault outcrops  along 
a road-cut located to the east end of the village of Santa Maria and along the 
road that connects the village of Santa Maria (120 m. a.s.l.) to the Col de 
Teghime (500 m.a.s.l.). The outcrop surface strikes East-West, orthogonal to 
the fault strike (~N160°); the fault cuts the Schistes Lustrés unit. 
 The selected fault delineates the contact between sedimentary cover 
lithologies (marbles, calc-schists and quartzites) with the oceanic-basement 
rocks (serpentinites) [Fig.4.2]. The meta-sedimentary rocks have a main 
foliation (often corresponding to the axial surface of isoclinal recumbent 
folds) dipping 25° towards N250°, possibly compatible with the tilting due to 
the extensional Miocene activity in the area. Along the road cut, the selected 
fault includes several sub-parallel minor faults and fractures: minor faults 
have average dip azimuth N245° and dip angle 60°, both cutting the calc-
schists and the quartzites. The main fault surface is identified with the one 
having the calc-schists in the hanging wall and the quartzites in the footwall; 
the slip surface has a dip azimuth varying from N244 to N270 and the dip 
from 44° to 70°: in the lower exposed part, the dip and dip azimuth are N255 
and 65°; the slipping zone is locally filled by calcite veins few millimeters 




Figure 4.3 a) View of the ‘Main’ fault (red dashes). From the left, orange in color rocks at the 
hangingwall of the main fault are calc-schists. gray-in color rocks in the footwall  are 
quartzites. The slipping zone is filled by calcite-veins (inset).   b) Stereoplot (equal area) of 
the faults planes cutting the calc-schist and the quartzites. 
 
 Sub-vertical vein-free fractures and extensional vein-filled fractures (see 
section 5.4) are cinematically associated to the main fault set. The vein-free 
fractures have an average dip azimuth and dip of N70° and 70° [Fig.4.4], 
respectively; the extensional vein-filled fractures are from few millimeters to 
centimeters thick, are typically filled by calcite (crack-and-seal filling: see 
section 5.4) and have an average dip azimuth and dip of N260° and 60°, 
respectively [Fig.4.5]. Extensional vein-filled fractures are also present in the 
serpentinite adjacent to the quartzite in the footwall [Fig.4.6a]: their average 
dip azimuth is N70°, while the dip angle decrease from 85° to 60° with 
increasing distance from the contact of the serpentinites with the quartzite 
[Fig. 4.6b]. The veins cutting the serpentinites have an average thickness of 
1.5-2 cm and are polyphasic as they include several episodes of calcite, 





Figure 4.4 Wall rocks of the main fault (dashed red curve). (a) The foliated calc-schists of the 
hanginwall. (b) The foliated quartzites in the footwall. (c) Vein-free fracture's distribution 






Figure 4.5. Fractures filled by calcite veins cutting the quartzites.  a) Photo of the Fractures 
filled by calcite veins in the quatzites. b) Stereoplot of calcite veins. 
 
 
Figure 4.6.  Fractures filled by dolomite veins cutting the serpentinites. a) Detail of polyphase 




 Moving from the hanging-wall towards the main fault surface and the 
foot-wall (i.e., from west to east along the road cut, Fig. 4.7), the calc-schists, 
which include stretched quartz-rich and dolomite-rich up to 5 cm thick layers, 
show an increase in the intensity of deformation. In the hanging-wall, few 
meters from the main fault, the calc-schists are topped by marbles and 
preserve the Alpine ductile mylonitic foliation; locally, the calc-schists are 
fractured [Fig. 4.1, Fig.4.7, domain A; Fig4.4a]. Approaching the main fault 
(at 2-3 meters from the main slipping zone) the calc-schists are folded (drag 
syncline associated to normal fault activity in the main fault) and cut by a set 
of minor faults and fractures [Fig. 4.7, domain B]. In particular, the calc-
schists are deformed in a ductile manner and include well-developed S-C' 
structures indicating top-to-the-west movement (= normal faulting) [Fig4.8]. 
Locally, in the calc-schists, calcite-bearing veins intrude the slipping zones of 












Figure 4.8 S-C’ structures in the calc-schist adjacent to the’main’  fault. West to the left. 
  
The main fault surface is slightly bent: in the lower part of the outcrop, where 
calc-schist are in contact with quartzites, dip azimuth and dip are N255 and 65°, 
respectively; in the upper part of the outcrop, where the fault core is made by a 
30 cm thick lens of white in color gouge [Fig.4.9], the surface dip azimuth and 







































































































































































































































































































Figure 4.9 The white in color gouge-rich lens in the ‘main’ fault. 
 
Most of the slip surfaces of the main fault, when cutting the quartzites, are 
vitreous in aspect and black in color (black mirror-like surfaces) with 
slickenlines pitching 40°  to the south[Fig 4.10a]. In the quartzites, the 
slipping zones are few millimeters thick. Several centimeter long injection-
like structures depart from the slipping zones and intrude the quartzite 
footwall: these features resemble injection veins in pseudotachylytes [Fig. 
4.10b].  In most of the fault core of the main fault (typically few centimeters 
thick) the fault rock is a cataclasite, as it is possible to  identify 
macroscopically angular grains surrounded by a fine matrix, which is also 




Figure 4.10 a) Black in color mirror like slip surface. b) Black in color veins in quartzite, 
interpreted as possible pseudotachylytes in the field. Microstrutural analysis (section 5) 
showed that they mainly made by quartz nano-particles. c)Main slip zone. The green arrows 




In the footwall, minor faults cutting the quartzites form a set with average dip 
azimuth of N250 and dip 70°, and still present the black mirror-like surfaces 
[Fig 4.11a]. The quartzite in contact with the main fault  appears unaffected by 
the deformation and the foliation (millimeter-thick quartz- and, dolomite-rich 
layers, see section 5.1.2) is sub horizontal [Fig 4.7, domain D]. Moving along 
the road-cut towards the east and approaching the contact of the quartzites 
with the serpentinites, the quartzite foliation bents in a structure that can be 
interpreted as a drag fold associated to normal faulting [Fig. 4.11b]. Instead, 
the fault cutting the serpentinites have an average dip azimuth N 270 
consistent with the main and minor faults previously described, though, on 
average, fault dip is less steep (50°) [Fig.4.12].  
 
 
Figure 4.11a) Black slip surface in minor faults cutting the quartzites  b) micro folds in the 







Figure 4.12 Stereoplot (equal area) of  fault 





5. Mineralogy and microstructures 
   
5.1 Wall rocks 
 In the studied main fault (section 4.2), wall rocks are calc-schists and 
quartzites, the latter bounded by serpentinites which are also found in few lenses 
limited by minor faults inside the quartzites. X-Ray powder diffraction analysis 
combined with EDS-equipped FE-SEM, micro-Raman spectroscopy and optical 
microscope investigations allowed us to identify the main mineralogical phases 
of the studied rock types in the wall-rocks and in the main fault. 
 
5.1.1 Calc-schists 
  X-Ray Diffraction analysis on  sample A5 collected from the less 
deformed calc-schists [domain A, Fig 4.7] include quartz, albite, anatase, white 
mica and kaolinite [Fig. 5.1]. Another phase present is the (semi-) amorphous 
carbonaceous material (CM), identified from the characteristic 1350 cm-1 and 
1580 cm-1 bands in the  Raman  spectra [Fig.5.2] (Beyssac, 2002). Micro-Raman 
spectroscopy analysis was conducted over all the samples collected from the 
wall rocks: the mineralogical phases identified are summarized in [Table 5.1] 
and the spectra are reported in Appendix A [Fig A.2 to Fig A.4].  
 
Sample # Raman results 
A5 Calcite, quartz,muscovite,carbonaceous material,apatite 
A6 Calcite,quartz,muscovite,carbonaceous material 
A7 Calcite,quartz,muscovite,carbonaceous material 
Table 5.1  
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Figure 5.1 X-Ray Powder diffraction spectra of calc-schist sample A5. 
Figure 5.2 a) Optical Microscope reflected light image of sample A5. The  black spot was 




 In calc-schist's samples the schistosity is defined by the alternation of ~5 
mm thick grey in color quartz-rich layers with calcite-rich and white mica-rich 
layers [Fig 5.3]. The white mica-rich layers are sometimes black in color due to 
the presence of amorphous CM. Micro-Raman spectra from different samples 
indicate that the CM is typically found associated to the white mica [Appendix 
A, Fig.A.4].  The spacing between the mica-rich layers varies in the studied 
samples from 1 to 6   mm [Fig. 5.3 ]. The variation in spacing between the mica 
layers can be related to differences in the thickness of the layers of the original 
sedimentary rock, or to strain partitioning during the ductile deformation.  
Porosity in the samples is localized along the mica rich layers. 
 
 
Figure 5.3 Sample A5,A6,A7 collected from the calc-schist in the hangingwall at about3 m from 






 5.1.2 Quarzites 
 The XRPD analysis of quartzites [sample 12 collected from domain D, 
Fig 4.7], show the presence of quartz, dolomite and white mica as main minerals 
[Fig.5.4]. Micro-Raman analysis confirmed  the presence of  quartz, dolomite 
(the latter is found also in the extensional veins, see section 5.4) and white  mica 
(muscovite) [Appendix A, Fig.A14 ]. Trace of carbonaceous material are 
associated to the muscovite spectra [Fig. 5.5]. 
Figure 5.4. X-Ray Powder diffraction spectra of  quartzite, sample 12. 
Figure 5.5 Micro-Raman spectra of Carbonaceous Material in quartzite, sample 12. 
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Quarzites are characterized by a metamorphic texture with 0.8 to 10 mm thick 
grey in color quartz-rich layers alternated by dolomite-rich and black in color 
mica-rich layers, often cut by late stage extensional polyphasic dolomite-bearing 
veins (for the dolomite veins, see section 5.4) [Fig. 5.6]. Under the optical 
microscope,  the  quartz grains are sub-euhedral and about  0.01 mm in size; 
often they show undulatory extinction [Fig. 
5.7]. Dolomite grains of the calc-schists are 
euhedral and about 0.2 mm in size and 
appear to be re-crystallized [Fig. 5.8]. A 
zonation in the dolomite grains is 
recognizable by means of 
cathodoluminescence investigation at the 
optical microscope. This zoning is attributed 
to differences in the composition of the 
fluids during crystal growth [Fig. 5.9].  
 
 
Figure 5.6. Quartzite in the main fault footwall (thin section scan about 20 mm in width).  White 
layers are quartz-rich, black layers are rich in white mica and dolomite. On the left side, a late 
stage calcite-bearing vein truncates a dolomite-bearing vein (from top right to bottom left).. 
 
 






Figure 5.8. Hangingwall quartzite: detail of mica and dolomite rich layers. Optical Microscope 
image, parallel polars ,Sample 12 
 
Figure 5.9. Hangingwall quartzite (same area as Fig. 5.8). Zoning in dolomite 
evidenced by slight ccompositional changes (yellow to dark orange colors). 
Cathodoluminesce Optical Microscope image of sample 12. 
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5.2 Fault zone rocks 
 
 In the field, we identified two main types of fault zone rocks both in the 
main fault and in the minor faults cutting the calc-schists and the quartzites: (i)  
foliated  cataclasites  with various degree of reworking and (ii) pseudotachylyte-
like rocks (section 4). However, some of the pseudotachylyte-looking black in 
color fault rocks resulted to be made mostly by ultrafine-grained quartz (section 
5.3). Slipping zones collected from minor faults near the main fault [Fig. 4.7, 
domain C] are fractured and filled by calcite-bearing veins [Fig. 5.10]. The 30 
cm  lens of white gouge trapped in the main fault was also analyzed (section 
5.2.3). 
 
Figure 5.10 Calcite-bearing veins fill the slipping zones of both the main and the minor faults 
(sample 11a, polished sample scan, sample width 30 mm. 
  
Approaching the main fault, calc-schists and quartzites are cut by a 
variety of faults with filling having different structure, composition and color 
[Fig. 4.7, domains B-C]. In general, X-Ray powder analysis [Fig.5.11, 5.12] 
conducted on fault zone rocks samples yielded a similar mineral compositions as 
the wall-rocks described in sections 5.1.1 and 5.1.2: the main mineral phases are 
calcite, Mg-rich calcite, quartz, kaolinite  and white mica (see Table 5.2 for 
samples composition). This was confirmed by Micro-Raman analysis [Table 5.3 
and  Appendix A, Fig. A.5-A.7 ] which also showed the presence of 
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carbonaceous material, as was the case for the wall rocks (calc-schists and 







8 8-bulk Slipping 
zone 
Kaolinite (abundant), quartz (abundant), 
svambergite (minor) 
8- Gray Gray 
foliation 
Quartz, calcite, Mg-calcite, kaolinite, 
white mica (= muscovite) 
8- Whitish White 
concretion 
Calcite (34%), Mg-calcite (23%), white mica 




Calcite, Mg-calcite, quartz, kaolinite, 
white mica, smectite(minor) 
10 
 
10 b- Gray Gray 
foliation 
Calcite (30%),quartz( 26%), Mg-calcite (21%), 
kaolinite(18%), mica (5%) 
10 b-White White 
portion  
Calcite, Mg-calcite, quartz, kaolinite, white 
mica 
Table. 5.2. XRPD analysis of the fault zone rocks Where indicated, the mineral content is in 




8 Calc-schist cataclasite with 
pseudotachylyte 
Quartz, calcite, Carbonaceous Material  
10b  Slipping zone in quartzite 
resembling pseudotachylyte 
Quartz, dolomite, muscovite, Carbonaceous 
Material.  
11 a Reworked pseudotachylyte Quartz, calcite, anatase, Carbonaceous Material 
C6 Foliated calc-schist Quartz, calcite, muscovite, Carbonaceous 
Material 
A3 Slipping zone in quarzite  Quartz, calcite,dolomite, muscovite, 
carbonaceous material 























5.2.1 Cataclasites   
 
 Under the optical microscope, the cataclasites cutting the calc-schists 
[Fig. 4.7, domain B] are characterized by small in size (< 0.1 mm) angular 
grains, mostly of quartz, immersed in a fine matrix (<< 0.01 mm) made by 
quartz and calcite [Fig. 5.13]. Most cataclasites are foliated with a dark in color 
fine gain-size (ca. 10 µm) matrix alternated with a quartz-rich coarser in size (ca. 
0.1 mm) matrix [Fig. 5.14]. The cataclastic microstructure can be interpreted as 
a S-C' foliation [Fig 5.15] (Passchier and Trouw, 1995). 
 
Figure 5.13                                                Figure 5.14 
 
Figure 5.15 S-C’ structures 
Figure 5.13 Cataclasites from the main fault Red arrow point to the angular grains, green arrow 
to the matrix( sample 10a, Optical Microscope polarized light, parallel polars).  
Figure 5.14 Cataclasites from the main fault. The red arrow points to a quartz clast rimmed by 
the finer matrix  (sample 10a, Optical Microscope image, parallel polars). 
Figure 5.15 S-C’ foliation in the cataclasites from the main fault (sample 8, Optical Microscope 
image, parallel polars) 
 5.2.2 Pseudotachylytes 
 
 In the field, was recognized the presence of few mm
veins decorating the main fault, with intruding features resembling those typical 
of pseudotachylytes [section 4.2]. Under the optical microscope (sa
fault rock consisted of an extremely fine in grain size (aphanitic texture) dark in 
color matrix with flow structures, resembling a devitrified glass, with suspended 
rounded in shape clasts of quartz [Fig. 5.16]; other slipping zones (sample 
consisted of a quite uniform and amorphous
with flow structures, with suspended rounded quartz  fragments from the wall 
rocks [Fig.5.17]. Quartz grains from the wall rocks in contact with the 
pseudotachylytes (e.g., sample 11a) show evidence of dynamic recrystallization 
[Fig. 5.18].  All these features (aphanitic matrix, rounded suspend clasts, 
intrusive habit, flow structures, etc.) are typical of pseudotachylytes resulting 
from frictional melting of fault rocks d
 In sample 8 collected nearby a fault cutting the calc
pseudotachylites had a "wavy" morphology (arrow in Fig. 5.19), locally defined 
by opaque minerals (probably iron oxides) seams and possibly resulting
diffusive mass transfer processes in the studied fault rocks.
Figure 5.16. Fluidal structure in pseudotachylyte matrix cut by calcite
Optical Microscope image, parallel polars
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Figure 5.17 Black matrix in pseudotachylyte with fluidal structure (Sample 8,, Optical 
Microscope image, parallel polars).. 
 
Figure 5.18 Dynamically recrystallized quartz aggregate (right part of the image) at the contact 




Figure 5.19. The dotted line follow the ’wavy’path of the  pseudotachylyte; green arrow point 
area where it was recognized as pseudotachylyte. 
 EDS-equipped SEM investigations of samples 8 and 11a allowed us to 
identify in the pseudotachylyte sub-angular quartz grains (size < 20 µm) and 
rounded grains derived from the wall rocks [Fig. 5.20a] immersed in a clay-rich 
matrix probably resulting from the alteration of the pseudotachylyte matrix 
under hydrated conditions [Fig.5.20b]. When found immersed in the clay-rich 
matrix, quartz grains are ellipsoidal in shape and aligned along their long axis: 
their rounded shape and alignment is interpreted as the result of assimilation and 
interaction with the friction melt [Fig 5.20].  EDS analysis showed that the 
altered pseudotachylytes are mainly composed by a clay mineral rich in K, Al 
and Si, probably kaoline (see XRD results for sample 8, Table 5.2) [Fig.5.20c].  
Figure 5.20. Microstructures in altered pseudotachylytes (Field Emission, Back Scattered 
Secondary electron images). 
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 Sample 10b collected from the main fault (Figure 4.7) have 
pseudotachylytes that cut through cataclastic slipping zones  [Fig . 5.21]. Under 
the optical, cathodoluminescence and the scanning electron microscope, the 
angular grains suspended in the brown in color layer cut (and topped) by the 
pseudotachylyte are calcitic in composition, while their matrix is made of 
microcrystalline quartz [Fig.5.22]. Calcite grains are porous, and so are parts of 
the cataclastisc layer, probably due to the degassing and decarbonation during 
frictional sliding and heating [Fig. 5.23].  The  contact between the calcite clast-
rich layer and the topping pseudotachylyte is sharp [Fig. 5.23c]. Also in this 
case, the pseudotachylyte matrix is altered into clay minerals, but it still 
preserves the "fluidal" structure: injection veins with flow structures (evidenced 
by the alignment of rounded quartz grains) departing from the pseudotachylyte-
bearing slipping zones intrude the wall rocks  [Fig. 5.24]. 
 
 
Figure 5.21. Multiple slipping zones cutting quartzites. The top dark in color layer is a 
pseudotachylyte (red arrow) truncating a cataclastic slip zone (orange arrow) (sample 10b, 
Optical Microscope image, parallel polars) 
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Figure 5.22 Pseudotachylyte truncating a cataclasite with carbonate grains (sample 10b). a) 
Contact between pseudotachylyte (top) and cataclasites (bottom) (Optical microscope polarized 
light).  b) The cataclastic layer is richer in carbonates (Chatodoluminescence Optical 
microscope image.. c) Detail of the pseudotachylyte truncating the calcite-rich cataclasite. The 
latter, located to the right of the white dashed curve,  is porous (note that the slipping zone is 
vertical in this image; the dashed white line is the contact between the pseudotachylytes and the 













5.24a) Pseudotachylyte injection veins truncating the cataclastic layer and intruding the wall 
rocks (as in Fig. 5.23, the slipping zones are vertical in this image). b) Relict of  fluidal 




5.2.3 White gouge 
In the upper part of the exposed main fault [section 4.2] is present a 
whitish lens of powdered rock incorporating some dark and reddish-brown in 
color rock fragments. Samples S6 and S7 from the white gouge had a calcite- 
and dolomite-rich composition, plus quartz [XRPD analysis, Table 5.4] [Fig. 
5.25].  From Micro-Raman spectroscopy,  Sample S6 has an higher content of 
calcite and albite with respect to sample S7 which is richer in quartz and 
dolomite; the dark in color fragment U1 immersed in the white matrix was made 
of dolomite and albite [Table 5.5]. Micro-Raman analysis spotted the presence 
of carbonaceous material in the gouge powder. The comparison between the 
Micro-Raman spectra of samples S6 and S7 is reported in Appendix A  [Fig 
A.10-A.11]. 
 
Sample # XRD 
S6 Calcite, Dolomite, albite, quartz, montmorillonite 
S7 Quartz, dolomite, calcite, montmorillonite 
Table 5.4: X-ra powder diffraction analysis of samples from the white in color gouge. 
Sample # Feature Raman 
S6 Gouge powder next to 
quarzite 
Calcite, Carbonaceous Material 
S7 Gouge powder near calch-
schist 
Quartz, dolomite, muscovite, 
carbonaceous material 
U1 Dark rock fragment from 
gouge 
Dolomite, Albite  






Figure 5.25. X-Ray Powder Diffraction analysis on samples S6 and S7 (from the white in color 
gouge). 
 
5.3 Quartz-rich slipping zones 
 Black in color mirror-like slip surfaces cutting both calc-schist and 
quarzites are a recurring structure in the main fault [samples 8, 11b, domain 
ection D]. In the field, the dark vitreous aspect and the intrusive habit of some of 
the black in color veins suggested that those structures might be 
pseudotachylytes (Fig. 4.10b).  X-Ray Diffraction analysis [Fig. 5.26] performed 
directly on the mirror like surfaces (sample 8 bulk) showed the presence of 
quartz and kaolinite. In the case of quartz, the width at half of the maximum 
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peak intensity (FWHM, Full-Width Half-Maximum) is larger on the slip surface 
(sample 8 bulk) with respect to the wall rock sample (13) [Fig.5.27]. The 
broadening of the peaks is probably due to the presence of quartz grains << 1 µm 
in size and to "microstrain" (reduced crystal lattice continuity due to grinding). 
However overgrinding during sample preparation can be discarded as both 
samples (8 and 13) were milled following the same procedure (section 3.1). The 
different FWHM for quartz can be interpreted as an evidence for the presence of 
pseudo-amorphous silica or nano-particles of quartz on the slip surface.  
 
Figure 5.26. XRPD spectrum of the mirror-like surface of the quartz-rich slipping zones. 
 
Figure 5.27. Broadening of the XRPD peaks for quartz in the quart-rich slipping zones 
compared to the quartz in the footwall quartzite. 





 Micro-Raman spectroscopy of the vitreous in aspect slipping zones 
showed the presence of quartz and carbonaceous material [sample 11b: Fig. 
5.28]. The mineral assemblage of the slipping zones and of the mirror-like slip 
surfaces obtained from Micro-Raman analysis  [see Appendix A, Fig.A.8 ]  is 
consistent with the mineral assemblage of the wall rocks [section 5.1].  
 Several samples of the quartz-rich slipping zones (including sample 11b 
described here) showed the following peculiar texture. Under the optical 
microscope, the slipping zone consists of an aphanitic, greenish in color, ultra-
fine matrix, overlaying a zone with flow structures [Fig.5.29]. In the quartzite 
wall rocks, approaching the slipping zone, grain size is reduced considerably, 
towards a cataclastic texture, and the quartz is the main mineral constituent: 
dolomite is absent and large pores are found [Fig 5.30; 5.31]. The size of the 
pores increases from the wall rocks towards the quartz-rich slipping zone. Pores 
occur at the expenses of the dolomite-rich layers, since (1) pores have the same 
attitude as the foliation (delineated by the white mica-rich and quart-rich layers 
since the dolomite layers are here missing) and, (2) when at > 0.5 mm from the 
slipping zone, pores are partially filled by eroded dolomite grains (see OM-
Cathodoluminescence images [Fig.5.32] and EDS-SEM images [Fig 5.33]. 
 
Fig 5.28. Micro-Raman spectrum of the quartz-rich slipping zones. Note the characteristic peaks 
for carbonaceous material and graphite at 1350 cm-1 and 1580 cm-1, respectively (sample 11b). 
 Figure 5.29. Quartz-rich slipping zone (









Optical Microscope image, parallel polars
 
Optical Microscope image, crossed
 
-rich slipping zone. The "porous" domain in the footwall is sandwhiched 
, sample 11b.) 






Figure 5.32. Increase of the porosity in quartzite bordering the quartz-rich slipping-zone at the 
expenses dolomite-rich layers ( sample 11b): left column, optical microscope images, parallel 
Nicols; Right column, optical microscope chatodoluminescence images of the same area  (see fig 
5.31). a) At > 10 mm from the slipping zone, porosity is scarce. b) Between 10 mm and 3 mm, 





Figure 5.33.   Corrosion and growth of dolomite grains in the porous domain of sample 11b 
 
SEM investigation of sample 10a  highlighted in the area near the slip surface 
the presence of  ultracataclasite, with  angular quartz grains of few micron size, 
surrounded by a darker  finer matrix (< 0.1 µm) composed by rounded quartz 
particles[Fig.5.34].  
 
Figure 5.34 a) BEI-SEM image. Details of  cataclasite sourrounding the slipping zone.Sample 




5.4 Carbonate-filled veins 
 Carbonate-filled veins are pervasive in the entire outcrop (section 4.2). 
X-Ray Diffraction analysis [Fig. 5.35] and micro-Raman spectroscopy identified 
the presence of calcite- and dolomite-filled veins. Calcite-filled veins are found 
in the calc-schists at the hanging-wall and are more common (and the vein 
network denser) approaching the main fault [sample 11a, Fig. 4.7,domain C]. In 
the main fault, calcite-filled fractures are very abundant, especially in the  
pseudotachylyte slipping zones where they define lozenge-shaped boudins of the 
former pseudotachylyte matrix or exploit the pseudotachylytes-cataclasite 
boundary [Fig 5.36].  Dolomite-filled veins are mostly found in fractures cutting 
the quartzites and in the nearby serpentinites in the footwall. Dolomite veins 
intruding the serpentinite (sample 9) have the last sealing event often associated 
to precipitation of a spherulitic cryptocrystalline mineral [Fig. 5.37] identified as 
chalcedony [micro-Raman analysis, Fig. 5.38]. 
Figure 5.35. X-Ray Diffraction analysis of 
sample 9. The left specturm is of the carbonatic (dolomite) filling of the veins; the right spectrum 




 Figure 5.36 Pseudotachylyte (black lozenge shaped domains) reworked 





Figure 5.37  Dolomite-filled vein 
in serpentinite sealed by 
chalcedony (sample 9, top: optical 
microscope cathodoluminescence 
image,  




Figure 5.38Micro-Raman spectra of chalcedony sealing the dolomite-filled vein in  
serpentinites.(sample 9,see also Fig.5.37) 
Carbonate-filled veins are the result of syntaxial growth, independently of the 
host rock [Fig. 5.39]. However, both optical microscope and optical 
cathodoluminescence investigations show slight differences between syntaxial 
dolomite-veins hosted in serpentinites with respect to syntaxial veins in 
quartzites. In general, dolomite-bearing veins cutting the serpentinites have (1) 
higher luminescence and (2) evident stages of crystal growth recognizable 
thanks to the crystal zonation that follows a repetitive pattern [Fig 5.40.]. 
Calcite-bearing veins cutting the calc-schists have a weak luminescence with the 
exception for an extremely bright seal at the vein center [Fig 5.41].  
 
Figure 5.39 Veins in calc-schists, quartzites and serpentinites with different stages of syntaxial 
crystal growth. a) Calcite-vein in calc-schists: each vein might be representative of an individual 
fluid pulse injected trough different fractures resulting in a vein network; b) Calcite-vein in 
quartzite: two main crystal growth events result in a syntaxial vein assemblage ;  c) Dolomite-
vein in serpentinites: evidence of multiple crystla growth events 
  
Figure 5.40  Dolomite
cathodoluminescence 
(from bright yellow to dark brown), suggesting circulation of fluids with different 
The last stage of fluid infiltration is associated to silica
precipitation of chalcedony (blue in color) 
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-bearing veins in serpentinites.  The optical microscope 
images highlight the compositional differences of the d






 Figure 5.40 Calcite veins intruding 






The aim of this thesis was to determine if the studied fault could be 
interpreted as an exhumed analogue of the seismogenic structures now active at 
depth in the Italian Apennines (see section 1). Here, we will first interpret the 
microstructural and mineralogical data presented in section 5 to infer the 
possible ancient seismic activity of the main fault (section 6.1). Then, how the 
crosscutting relationships between the studied fault rocks (pseudotachylytes, 
cataclasites, calcite- and dolomite-bearing veins) will allow me to reconstruct the 
sequence of deformation events that the main fault underwent during 
exhumation (section 6.2).  
Lastly, in section 6.3, I will compare the studied normal fault exposed in Alpine 
Corsica with the normal faults responsible for the seismic activity in the Italian 
Apennines. 
 
6.1 Fault rock origin (seismic vs. aseismic) 
 
 Field, microstructural and mineralogical observations carried out in this 
thesis highlighted the occurrence of different  fault rocks within the fault zone: 
(i) cataclasites bounding and within the slipping zone, (ii) pseudotachylytes, (iii) 
quartz-rich slipping zones, (iv) calcite- and dolomite-bearing veins. Further 
mineralogical and microstructural characteristic features of the studied fault zone 
were the pervasive presence of carbonaceous material and, in some faults, of the 
presence of pores in the rocks bounding the slipping zones.  
 Pseudotachylytes, solidified friction melts (temperature achieved by the 
melt could be up to 1700 °C, Di Toro et al., 2009 and reference therein) are 
usually interpreted as indicator of ancient seismic activity of a fault (Cowan, 
1999). The presence of an aphanitic matrix, rounded suspend clasts, intrusive 
habit, flow structures, injection veins, etc, are typical of pseudotachylytes 
resulting from the solidification of friction melts produced during seismic slip 
(Di Toro et al., 2009). The clay mineralogy of the pseudotachylyte matrix is 
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interpreted as the result of alteration of the pristine glass due to percolation and 
hydration from water rich fluids (Kirkpatrick and Rowe, 2013). Crosscutting 
relationships suggests that the fluids responsible for the pseudotachylyte 
alteration might be those responsible for calcite-bearing and dolomite-bearing 
veins in the hangingwall and in the footwall, which, see below, might have 
infiltrated the main fault during a later exhumation stage (sections 4.2 and 5.4). 
Instead, the deeper origin of the pseudotachylytes might be inferred be the 
evidence of dynamic recrystallization in the quartz grains in contact with 
pseudotachylyte (Fig. 5.18). Dynamic recrystallization of quartz grains could be 
the result of the temperature perturbation associated to seismic slip at ambient 
conditions of 200-250°C (Bestmann et al., 2012). Such ambient temperatures 
could be consistent, to crustal depths of 8-12 km for typical geothermal gradients 
in extensional settings (20 to 30°C/km). These depths are consistent with typical 
earthquake nucleation depth in the continental crust quartz-rich slipping zones 
(section 6.3) (Chiarabba et al., 2009; Chiaraluce et al., 2011).  
 The main fault and the minor faults nearby cutting quartzites are often 
decorated by black in color mirror surfaces and slipping zones (section 5.x.x). 
Locally, the black in color material is intruded in the wall rocks (injection-like 
vein aspect) resembling, in the field, typical pseudotachylytes. However, a first 
puzzling feature of the black in color fault assemblage is that the slip surface and 
the matrix of the slipping zones are mainly made by quartz nanoparticles, as 
attested by the broadening, with respect to the wall rocks, of the peaks of quartz 
in XRPD analysis (Fig. 5.27) and confirmed by BSE-FESEM imaging (Fig. 
5.34). Though quite speculative, the intrusive habit of the black in color veins 
suggest processes associated to seismic slip. Moreover, if quartz nanoparticles 
may precipitate from percolating silica-rich fluids, they could be also the result 
of crystallization from silica-gels. The formation of gels in quartz-rich rocks 
(here the mirror-like surfaces are found associated to quartzites from the 
footwall) during seismic slip in the presence of extremely small amounts of 
water (< 1% wt.) is confirmed by experimental evidence (Di Toro et al., 
2004;Nakamura et al. 2012). As a consequence, we might interpret the formation 
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of the quartz nanoparticles as due to quartz pulverization during seismic rupture 
propagation, formation of silica gels and their precipitation into pseudo-
amorphous quartz nanoparticles (Nakamura et al. 2012, Kirkpatrick et al. 2013). 
However, since silica gels are unstable above 300°C (referred as the temperature 
achieved in the slipping zone), probably these black rocks formed during fault 
exhumation and so after the pseudotachylytes previously described. 
Alternatively, the quartz nano-grains could be the result of crystallization of a 
silica-rich friction melt. The second puzzling feature of the quartz-rich black in 
color slipping zones is the presence of pores in the quartzite wall rocks due to 
the dissolution or breakdown of dolomite (Fig. 5.32). Dissolution of dolomite 
grains could due to the percolation of aggressive fluids (also associated to silica 
gel formation?) in the nearby slipping zones or by the heat pulse associated to 
rupture propagation along the main slip surface. Further studies are required to 
understand the formation of the nanoparticles of quartz, the pores in the nearby 
wall rocks and their possible relationship to particular stages of the seismic 
cycle. 
 The presence of the carbonaceous material in the slipping zones is 
probably associated to the brittle faulting of the graphite-rich calc-schists 
(Dallan et al., 1995). However  carbonaceous material was found both in natural 
(Arai et al.,2002; Lahfid et al. 2010) and experimental (Oohashi et al. 2014) 
faults cutting calcite- and dolomite-bearing host rocks. In particular, experiments 
reproducing seismic slip conditions under low oxygen fugacity and in the 
presence of extremely small amounts of water, resulted in the formation of 
graphite (Oohashi et al. 2014). As a consequence we cannot exclude that the 
carbonaceous material and graphite detected by micro-Raman spectroscopy was 
also originated by dolomite-hydrogen reactions (Giardini et al, 1969) during 
seismic slip. Again, further studies are required to understand the mechanism of 






6.2 Deformation stages during exhumation 
 
 As discussed in section 6.1, the studied fault networks present multiple 
markers, such as the occurrence of pseudotachylytes, of their ancient seismic 
activity. In particular, pseudotachylytes are (1) altered to a clay-rich mineral 
assemblage, (2) cut by a dense network of calcite- and dolomite-bearing veins 
and (3) associated to dynamically-recrystallized quartz. As a consequence, their 
formation probably occurred at depth, in a fluid (water) -poor environment (as 
typical for pseudotachylytes: Sibson and Toy, 2006). The studied fault is part of 
the set of normal faults responsible, starting from the Oligocene, of the 
exhumation of the deep units that underwent blue-schist to eclogite facies 
metamorphism in Alpine Corsica (section 2). It is here proposed that the 
formation of the studied pseudotachylytes is associated to the first brittle activity 
along these extensional faults and ascribable to the Oligocene (see section 2.). 
Instead, the very first stages of exhumation of the deep units were 
accommodated by blue-schist and green-schist facies mylonite-bearing shear 
zones now exposed along the Santa Maria normal fault (see Fig. 4.1). In fact, 
pseudotachylytes are not reworked by high temperature mylonites and the 
dynamic recrystallization of the quartz in the wall rocks suggests that 
pseudotachylyte formation occurred in wall rocks under sub-greenschist facies 
conditions, probably at 8-15 km depth.  
 The dense network of calcite- and dolomite-bearing faults cuts and 
overprints the pseudotachylytes, clearly suggesting their later occurrence. The 
cathodoluminescence images show the presence of several episodes (pulse-like) 
of syntaxial growth of dolomite crystals (but also calcite in some veins) from 
carbonate-rich fluids. The compositional variations highlighted by the 
cathodoluminescence analysis suggest some kind of evolution with time of the 
chemistry of the infiltrating fluids. Such "crack-and-seal" episodes of fluid 
infiltration could be associated to creep events (growth of the veins) and 
fracturing (cracking and fluid infiltration, possibly related to micro-seismicity) 
during the activity of the fault. Importantly, the network of secondary faults and 
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fractures filled by the carbonate-rich veins in the hangingwall and in the footwall 
of the main fault consists mainly of sub-vertical (> 70° in dip) fractures striking 
ca. N-S (see stereoplot Fig. 4.3). Their attitude is consistent with normal faulting 
along the main fault, which dips of 50 to 60° towards the west. The fact that 
most of the dolomite- and calcite-bearing veins are sealed by a late event of 
chalcedony precipitation (see cathodoluminescence Fig. 5.37), which often fills 
cavities (amygdales) in the veins, suggests that the formation of the veins, or at 
least their last stages of activity, occurred at shallow depths in the crust.  
 
Figure 6.1 Possible relationships between the described fault rock and the occurrence of fluids 
during their formation. 
 
6.3 The Oligocene-Miocene Corsican faults as an 
exhumed analagoue of the Central Apennines 
seismogenic sources 
 
 The studied normal faults in Alpine Corsica record the first stages of the 
extensional regime that starting from the Oligocene progressively migrated 
towards the East and is now responsible of the seismic activity in the Apennines 
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(e.g., Jolivet, 1998). Here, moderate to large in magnitude earthquakes (e.g. 
L'Aquila Mw 6.3 2009; Colfiorito Mw 6.0 1997) have the following 
characteristics: 
 
1) nucleate at depth in the range of 8 to 15 km, probably in the crystalline 
basement, and propagate through carbonate-rich sedimentary formations 
(Chiarabba et al., 2009); 
 
2) focal mechanisms indicate that the normal faults strike NW-SE and dip of 50-
60° to the SW (Chiaraluce et al., 2011); 
 
3) seismic sequences are probably triggered and their evolution controlled by the 
ingression and diffusion of mantle-in-origin CO2-rich fluids (Miller et al., 2004). 
 
 Clearly, point (1) is consistent with the main characteristics of studied 
outcrop, where pseudotachylytes, produced at 8-15 km depth, are hosted in the 
crystalline basement rocks. Point 2 is consistent with the studied fault exposure: 
both the main fault and the later minor fractures and faults (often filled by 
carbonate-bearing veins) are the result of normal faulting during exhumation 
Though the dip of the seismogenic faults of the Apennines (50-60°) is almost 
identical to the one of the main fault discussed here, their strike is NW-SE rather 
than N-S because of the post-Oligocene east migration and progressive counter-
clockwise rotation of the Italian peninsula. Point 3 is consistent with the 
microstructural evidence described above where the overprinting relationships 
between pseudotachylytes and carbonate-rich veins are indicative of continuous 
seismicity aided by the ingression of pressurized CO2-rich fluids during 
exhumation. Fluid ingression from deep is particularly favorable in extensional 
settings because of the higher permeability of the faults due to the lower mean 




Figure 6.2. Suggested relationships between the occurrence of pseudotachylytes and calcite-
bearing veins and current seismicity in the Central Apennines. Pseudotachylytes form at depth of 
about 10 km and are overprinted by calcite veins due to CO2-rich fluid percolation during 
exhumation: such depths are consistent with the hypocentraldepths of the mainshocks and 
aftershocks of the Apennines earthquakes sequences. The hypocenters shown in the top right are 
from the L'Aquila 2009 earthquake sequence: the star indicated the hypocenter of the Mw 6.3 
mainshock of April 6, 2009. The black dots illuminate the dip of the main fault that ruptured 
during the 2009 sequence (from Chiaraluce et al., 2011). Note the similar attitude of the studied 
main fault (shown in the bottom right). 
 
 Concluding, the studied fault is an exhumed analogue of the active 
seismogenic sources in the Apennines. Since the deeper roots of the seismogenic 
faults now active in the Apennines are poorly exposed (if not at all) in the Italian 
peninsula, the study of this and other faults of the extensional Oligocene in age 
fault system in Alpine Corsica might yield relevant information on the 







































 In this thesis was afforded a multidisciplinary study of an exhumed 
ancient seismic fault exposed in Alpine Corsica (France). The fault zone was 
investigated from the outcrop- (metric) scale by means of detailed field 
structural geology surveys (section 4) to the sample (sub-micrometric) scale, 
with optical cathodoluminescence and field emission scanning electron 
microscopy, X-Ray powder diffraction and micro-Raman spectroscopy 
techniques (section 5). Here below are summarized the main results of the thesis: 
 
• normal faulting was associated to the late Oligocene to early Miocene 
extension of Alpine Corsica (section 2); 
 
• the selected "main" normal fault zone strikes about N-S, has a dip 
azimuth N255-270, dips 45°-65° and it is associated to a relatively dense 
network of minor faults and sub-vertical fractures striking ca. N-S; the 
attitude of the minor faults and sub-vertical fracture network is 
consistent (and sin-kinematic) with normal faulting along the main fault 
(section 4); 
 
• the selected main fault has calc-schists at the hangingwall and quartzites 
and serpentinites at the footwall; fault rocks consists of cataclasites, 
quartz-rich black in color slipping zones and mirror like slip surfaces 
and altered pseudotachylytes. The sub-vertical fractures are filled by 
calcite- and dolomite-rich syntaxial (crack-and-seal) veins (section 5); 
 
• the presence of pseudotachylytes bounded by quartz that underwent 
dynamic recristallization, suggests that the fault was seismogenic and 
that the ambient temperature at the time of seismic faulting was 
probably between 200 and 250°C. Presence of pseudotachylytes might 
suggest water-deficient conditions at hypocentral depths of 8 to 15 km 
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(sections 5 and 6.1); 
 
• the occurrence of quartz nanoparticles in the black in color slipping 
zones and slip surfaces, the increased porosity in the proximity of the 
black in color slipping zones and the pervasive presence of (and possibly 
their enrichment with respect of the wall rocks) Carbonaceous Material 
in the slipping zones are possible indicators (need for further studies) of 
the seismic fault activity also during the entire exhumation path of the 
fault (sections 5 and 6.2); 
 
• pseudotachylytes are altered (clay-rich minerals in the matrix) and 
overprinted by a dense micro-network of calcite- and dolomite-rich 
veins implying the infiltration of CO2-rich fluids during fault 
exhumation, probably during crack-and-seal events associated to micro-
earthquake activity and creep (section 5); 
 
• the overprinting of pseudotachyltes by calcite- and dolomite-rich veins 
suggests variations in fluid input during exhumation; in particular, the 
ingression of CO2-rich fluids is analogue to the well-known mantle-in-
origin actual fluid ingression in the Apenninic lower crust (section 6.3); 
 
• the studied exhumed Oligocene- to early Miocene Corsican normal fault 
belongs to the early stages of the Apenninic orogeny, was seismic, cuts 
basement rocks and during exhumation was infiltrated by CO2-rich 
fluids: we conclude that studied fault might be an exhumed analogue of 
the deep roots (hypocentral depths) of the active faults responsible for 









The purpose of the Appendix is to give an overall description of the 
mineralogical data set obtained from Micro-Raman Analysis.  The Micro-Raman 
spectra will be hereby  presented for each sample investigated (for sample 
location  see Table (i) and refer to figure 4.7). 
 
Sample Name Lithology Outcrop zone Figure 
A5 Calc-schist A A.2 
A6 Calc-schist A A.3 
A7 Calc-schist A A.4 
8 Calc-schist B A.5 
11a Calc-schist B-C A.6 
10b Quartzite C A.7 
11b Quartzite C A.8 
S6 Fault gouge C A.9 
S7 Fault gouge C A.10 
U1 Fault gouge C A.11 
A3 Quartzite D A.12 
12 Quartzite D A.13 
9 Serpentinite (veins) E A.14 
 














Due to high friability of some samples, epoxy resin (Araldite 2020) was used for 
sample consolidation to produce thin sections.  Therefore the Raman spectra of 
the epoxy is reported below (Fig. A.1) to recognize the contamination of Araldite 
in the spectra of consolidate samples discussed in the thesis. Note that most of 











































Sample 8  
 
Figure A5 Micro-Raman spectra for sample 8. 
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Figure A8 Micro-Raman spectra for sample 11b. 
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Figure A12 Micro-Raman spectra for sample A3. 
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